Abstract Convection-enhanced delivery (CED) is a promising technique that generates a pressure gradient at the tip of an infusion catheter to deliver therapeutics directly through the interstitial spaces of the central nervous system. It addresses and offers solutions to many limitations of conventional techniques, allowing for delivery past the blood-brain barrier in a targeted and safe manner that can achieve therapeutic drug concentrations. CED is a broadly applicable technique that can be used to deliver a variety of therapeutic compounds for a diversity of diseases, including malignant gliomas, Parkinson's disease, and Alzheimer's disease. While a number of technological advances have been made since its development in the early 1990s, clinical trials with CED have been largely unsuccessful, and have illuminated a number of parameters that still need to be addressed for successful clinical application. This review addresses the physical principles behind CED, limitations in the technique, as well as means to overcome these limitations, clinical trials that have been performed, and future developments.
Introduction
In spite of significant advances in surgery, imaging, and adjuvant therapy, the average prognosis for glioblastoma multiforme (GBM) is only about 13 months, with a 2-year survival rate of 27%, and a 5-year survival rate of 5.1% [1] [2] [3] [4] . This poor prognosis can be attributed to a number of challenges historically related to treating neurological diseases. Chief amongst these challenges is the blood-brain barrier (BBB), which is largely responsible for the gap between scientific advances and improvement of outcomes for many neurological diseases [5] [6] [7] [8] [9] . In addition, many forms of delivery, including systemic delivery (intravenously or oral), are limited by the blood-cerebrospinal fluid (CSF) barrier and by systemic toxicities [10, 11] . These limitations make it difficult to achieve therapeutic concentrations of agents in targeted areas of the brain.
However, over the course of the past few decades, convection-enhanced delivery (CED) has emerged as a promising delivery technique that addresses many of the aforementioned issues.
This review provides an introduction to CED, describing its appeal, the biological and physical principles surrounding CED, its physical limitations, a synopsis of noteworthy CED clinical trials, and future improvements in the technique.
Overview
Edward Oldfield's group at the National Institute of Health developed CED in the early 1990s [12] [13] [14] [15] . The technique was proposed as a method to deliver drugs that were either limited by the BBB or were too large to diffuse effectively [16] . The appeal of CED is multifold; it allows for bypassing of the BBB, targeted delivery, and perfusion of deep brain targets both near and downstream of the site of infusion [6, [12] [13] [14] [17] [18] [19] [20] [21] [22] [23] [24] . CED is especially relevant in the treatment of malignant gliomas, as recurrence generally occurs within centimeters of the original tumor [25] , and CED can reach the peritumoral region and beyond [16] . CED allows for a predictable, homogenous, Bsquare-shaped^distribution, and unlike diffusive therapies, which are limited by concentration gradients, it allows for direct access to the tumor bed, resulting in high local concentrations of drug with minimal systemic absorption [10, 12, [26] [27] [28] [29] . In addition, CED is applicable to a wide range of compounds, as evidenced by a number of studies using chemotherapeutic agents, low-molecular-weight imaging tracers, proteins, viruses and virus-shaped particles, liposomes, and nanoparticles [24, [30] [31] [32] . In addition, it is applicable in solid-tissue tumors in peripheral organs such as the prostate and the liver [33] .
The BBB
The BBB isolates systemic circulation from the brain parenchyma. It exists along cerebral capillaries and contains tight junctions that do not exist in systemic circulation. The BBB restricts the passage of many substances, including bacteria, large molecules (molecular weight > 40 kD), and hydrophilic molecules, primarily to protect the brain from infections and toxic substances. Substances like nutrients and waste metabolites are actively transported across the BBB. Many of the promising therapeutics for central nervous system (CNS) diseases are large molecules, their size preventing their diffusion through the BBB and the brain interstitium [34] . Those therapies that are able to penetrate the CNS often cannot reach sufficiently high concentrations, as the required systemic concentrations are unacceptably toxic [11] .
Physical Principles
CED is unlike other delivery techniques in the biophysical properties that underlie its movement within the CNS as reviewed by Lonser et al. [18] These principles are summarized as follows.
CED utilizes bulk flow rather than diffusion. Diffusive flow relies on a concentration gradient and operates according to Fick's law, J = −D ∇ C, where D is tissue diffusivity and ∇C is the concentration gradient. Essentially, this principle states that molar flux is proportional to the concentration gradient multiplied by a coefficient (tissue diffusivity). This coefficient is dependent on molecular weight. Therefore, large therapeutic agents take a long time to diffuse and also require unhealthily high concentrations to drive their flow. Additionally, these agents only achieve a tissue penetration of a few millimeters. In contrast, bulk flow distributes via a pressure gradient, and is described by Darcy's law: v = −K ∇p. This law asserts that the velocity of the molecule is directly proportional to the pressure gradient (∇p) and the hydraulic conductivity (K). Therefore, CED does not require unwieldy concentrations to achieve therapeutic levels in the brain parenchyma [19] .
Process and Characteristics of CED
For clinical use of CED, one or more catheters are stereotactically inserted through a burr hole into the interstitial spaces of the brain using image guidance (Fig. 1) . To create the pressure gradient and drive the flow, an infusion pump is connected to the catheter(s), and the agent is infused directly into the extracellular space of the brain, while displacing the extracellular fluid [11] . The interstitial pathways in the brain allow for convective transport independent of molecule size. However, CED is limited by physical barriers like pial surfaces. The infusion rates typically range from 0.1 to 10 μl/min and the distribution from a single point source results in an ellipticalto-spherical distribution [11] . With CED, the agent can achieve tissue penetration of up to a few centimeters, unlike diffusive therapies, which can only achieve a depth of a few millimeters [16, 18, 36] . The direct infusion of agent into the interstitial space is what allows CED to bypass the BBB. The most effective agents for CED are those that are not well transported across the BBB, as they will not travel from the interstitium back across the BBB into systemic circulation, thus minimizing systemic toxicity [18] . In addition, CED is less likely to cause toxicity to surrounding brain tissue, as the concentration fall off at the border is steep [11] . Fig. 1 The surgeon inserts 1 or more catheters through bur holes into the interstitial spaces of the brain. A pressure gradient is generated using an infusion pump, and the agent displaces extracellular fluid after being directly infused into the extracellular space. The tumor is often highly vascularized, and this, as well as a number of factors, can affect the delivery of the infusate (white matter vs gray matter, backflow, etc.) 
Physical Limitations
However, CED is not without limitations, and as the technique has developed, a number of physical limitations have been noted and addressed. Among these are many of the traditional variables related to pharmacology including drug half-life and tissue clearance rates, as well as those specific to CED [37] . These include backflow, air bubbles, limitations surrounding flow within brain tissue, white matter edema, target heterogeneity, active tumors/BBB disruption, challenges in the ratio of volume of infusion to the volume of distribution, and, finally, flow rate.
Backflow
Backflow, also known as reflux, occurs along the catheter's insertion tract if the catheter has mechanically disrupted the tissue enough to allow a void to form along the outer wall. A fluid-filled gap between the needle and surrounding tissue forms, through which the infusate can easily flow rather than entering the surrounding tissue (Fig. 2) [39] . Intrinsic backflow occurs when pressure associated with the infusion pushes against the tissues, separating them from the catheter. The shear forces in the tissue balance the pressure field and retrograde axial flow stops. Both types of backflow can be issues in that they allow infusate to exit the target, causing spreading of the agent into unintended areas of the brain [39, 40] . This can lead to a decrease in the dose, and can be especially detrimental during cortical infusions, as it may lead to spread into the subarachnoid space with subsequent widespread distribution through the CSF [16] . The causes of backflow are myriad, but it has been associated with the presence of air bubbles, pressure spikes during the infusion, the catheter insertion technique, and the catheter design. Soft catheters are less likely to cause mechanical disruption and thus backflow [40] . Also, the use of a thin catheter has been shown to be beneficial in overcoming backflow [14] , and new Bstep-design^catheters have been developed to overcome the issues associated with a thin catheter (i.e., floppiness) [41] . In addition, porousmembrane catheters and valve-tip catheter designs have been thought to alleviate occlusions at the end port, thus decreasing pressure spikes and resultant backflow [40] .
Air Bubbles
Air bubbles are not inherently a health hazard, but they can disrupt the flow of the infused agent causing unpredictable flow patterns, and can also contribute to backflow [40] . Additionally, air presents an obstacle when attempting to use image guidance for real time monitoring, which is an important step in the effective deployment of CED. Air in the infusion line can alter the local measurement of the infusion pressure as well as the volume of the dye being used. In addition, it may cause local tissue disruption, thus affecting distribution of the infusate [40] . Priming the cannula before insertion into the brain prevents air bubbles from occurring at the end of the catheter tip [42] .
Pathologic Conditions
Pathologic scenarios (i.e., active tumors) and postoperative tissue alterations present further challenges in the effective use of CED [16, 37, [43] [44] [45] [46] [47] [48] . Malignant gliomas present issues given their increased interstitial pressure related to peritumoral edema, and heterogeneous distribution of blood vessels. The excessive vascularity of active tumors can results in the loss of infusate to circulation. Also, the infusate can follow the trajectory of the vasculature, disrupting its intended distribution pattern [33, 49] . The increased interstitial pressure of the tumors can diminish the pressure gradient that drives convective Fig. 2 Reflux at high infusion rates. This 1.5-T magnetic resonance T1-weighted spoiled gradient image shows (A) little reflux at an infusion rate of 5 μl/ min but (B) significant reflux (marked by the arrowheads) along the cannula at 8 μl/min. The infusion was done using a refluxresistant catheter, on a spontaneous canine piriform lobe tumor, and the infusate being delivered was Gadoteridol-labeled neutral nanoliposomes. Figure printed with permission from Neurotherapeutics [38] flow, making it difficult for infusate to access the interstitium during CED [33] . Infusion into, or around, tumors with excessive necrotic tissue can cause pooling of drug, resulting in unequal drug distribution and loss of drug to nonviable tissue [50] . Similar considerations should be made when infusion involves tumors with cystic regions, as well as those in close proximity to ventricles as these may similarly cause loss of drug, either to nonviable tissue or to CSF [51] . Additionally, tumor tissues may be fibrous or have thick scarring from previous therapeutic interventions, which could affect successful flow patterns. In addition, changes that take place in the peritumoral region have been proposed to impede the distribution of large molecules, reducing their volume of distribution (Vd). Distance between catheter tip and resection cavity or other CSF spaces can influence convection. Recently conducted studies have employed guidelines to place catheters at least 2 cm from any brain surface and 1 cm from any cavity [37, 52] .
Flow Direction, Rates, Vd, and Vi
The Vd to volume of infusion ratio (Vd:Vi) is a key parameter in the successful deployment and development of CED, as knowing this value for any given anatomical location and type of tumor allows prediction of the required Vi [53] . In general, the Vd is approximately linear to infusion, even for large molecules (80 kD; Fig. 3 ) [11, 12] . However, this relationship is altered in a number of situations. Excessive flow rates can alter the Vd:Vi ratio. Studies have shown that at rates of greater than 0.5 to 1 μl/min, significant backflow occurs, thus rendering the Vd independent from the Vi [6] . The stability and size of the molecule of interest also play a role in the Vd:Vi ratio. This involves the molecule's lipophilicity, its susceptibility to enzymatic degradation, and the extent to which it binds to cell surface receptors. Excessive binding to receptors can be overcome by saturating the receptors with excess ligands, and there has been some success when the agent is co-infused with heparin [11, 53, 54] . It was previously believed that molecules larger than immunoglobulin G could not pass through the extracellular matrix. However, more recent studies have shown that infusion of adenoid-associated virus and liposomes can be associated with large volumes of distribution [55, 56] . Recent and future developments will help optimize Vd, including reducing backflow and accounting for tissue clearance and metabolism [12, 14, 37, 57, 58] .
Direction of flow is determined not only by the direction of the pressure gradient, but also by resistance to flow. The resistance to flow is both direction-dependent (anisotropic), as well as location-dependent (heterogeneous), and the properties of white versus gray matter can dictate flow and thus Vd:Vi [16] . White matter shows less resistance to bulk flow, while gray matter exhibits more regional homogeneity [37, [59] [60] [61] . Flow within white matter tracts also differs based on the direction of the tracts [37, 62, 63] . The increased permeability is exaggerated in situations of preexisting edema (i.e., malignancy). Mathematical models and tracer studies in clinical trials have illustrated the preferential movement of infusate along the path of pre-existent white matter edema, which leads to an unpredictability in the Vd:Vi ratio [37, 61] . In the absence of pre-existing edema, edema forms around the catheter, essentially inducing tissue homogeneity. This presents a similar issue in that the flow can be dictated by the edema [16] . In summary, properties unique to white matter can lead to undesirable, and unpredictable flow patterns.
Clinical Trials
A number of clinical trials have been performed, with variable levels of success (Table 1) .
Tumor Clinical Trials

TF-CRM107
The first clinical trial using CED was conducted by Edward Oldfield's group at the National Institutes of Health [64] . The chemotherapeutic agent used in this study was an agent selective for the transferrin receptor, TF-CRM107. This agent is a conjugate protein of diphtheria toxin with a point mutation linked via a theioester bond to human transferrin [66, 67] . This was used because many in vitro and in vivo studies have demonstrated the upregulation of transferrin receptor in rapidly dividing cells, owing to its elevated demand for iron [68] [69] [70] [71] [72] [73] [74] . This study was highly influential, as it was the earliest demonstration of the safety and therapeutic efficacy of CED in a clinical setting. Eighteen patients with recurrent malignant tumors were treated, with 2 patients undergoing resection and thus being excluded from the trial, and 1 patient withdrawing from the trial. Of these remaining 15 patients, 9 had at least a 50% reduction in tumor volume when studied under magnetic resonance imaging (MRI). Additionally, toxicity was minimal, with only 3 patients (treated at higher concentrations) suffering peritumoral complications, and none of the patients suffering systemic toxicity [64] .
PRECISE Trial
The only phase III trial using CED was the PRECISE trial (ClinicalTrials.gov identifier NCT00076986). This study, one of the largest using CED, was conducted after promising phase I studies [75] . The PRECISE trial compared survival in patients with recurrent GBM who were treated with CED of IL13-PE38QQR, a recombinant Pseudomonas exotoxin, (also known as cintredekin besudotox, or CB), to those treated with carmustine-impregnated wafers (Gliadel ® ), a current Food and Drug Administration-approved treatment for recurrent or newly diagnosed GBM. IL13-PE38QQR targets the interleukin-13 α-receptor, which is highly expressed in GBM [75] [76] [77] , allowing for directed delivery of Pseudomonas aeruginosa exotoxin A. CED of IL13-PE38QQR was shown to be highly effective in vitro, providing a rationale for clinical testing [75, 78, 79] .
The PRECISE study was designed to evaluate the efficacy of IL13-PE38QQR delivered by CED. Patients were randomized in a 2:1 manner to receive CED or the control therapy [80] . Unfortunately, this study did not demonstrate a survival benefit of patients treated with CB over the Gliadel ® Wafers, as the median survival of the patients in the CED arm was 36.4 weeks versus 35.3 weeks for the patients enrolled in the control arm [11, 75] . However, the progression-free survival of this trial was 17.7 weeks versus 11.4 weeks in favor of CED [11] . Also, patients receiving CB had an increased rate of pulmonary embolism, which was attributed to longer hospitalizations [54, 81] . Many reasons for the trial's failure have been hypothesized. Eleven percent of the patients did not actually fulfill the inclusion criteria, and only 27% had complete resection [75] . Inaccurate catheter positioning may also have contributed to the unfavorable results, as only 49.8% of the catheters met all positioning criteria, and estimations of drug delivery to relevant target volumes correlated well with catheter positioning scores. As a result, the potential efficacy of the drugs delivered by CED may have been severely constrained by ineffective drug delivery [80] . The experience of the surgeon seemed to have a substantial effect on the efficacy of the intervention. Neurosurgeons who had previously treated at least 2 patients with a similar protocol had patients whose Trials summarized from ClinicalTrials.gov [65] and table adapted and modified with permission from Future Medicine [54] NA = not applicable; TGF-β = transforming growth factor β overall survival was 19 weeks longer [33] . Finally, there was no real-time monitoring of drug distribution. Instead, catheter positioning scores and imaging change scores were used as surrogates. It should also be mentioned that the control performed much better than anticipated, as the median survival with GLIADEL ® Wafers was 45 weeks, which is much higher than the 28-week median survival that had been reported previously [33] .
Topotecan
Topotecan is a topoisomerase I inhibitor that causes singlestranded DNA breaks during DNA replication. It is an ideal agent for mitotically active targets in a quiescent environment [54, 82] . Systemic application of topotecan has been limited by poor BBB penetration, and phase II studies failed to show antitumor effects, while also showing severe side effects [54, 83] . Preclinical studies using CED with topotecan have shown promising results. In a rat study, CED of topotecan showed a significant survival advantage at concentrations less than those used systemically. This study showed that increased duration of therapy correlated with increased survival while avoiding adverse effects [54, 84] . A phase Ib dose-escalation study in patients with recurrent malignant gliomas, while not primarily designed to test treatment efficacy, demonstrated radiographic tumor regression in 69% of patients at nontoxic concentrations [10, 51] . This study also established a maximum tolerated dose for future phase II studies. Additionally, a follow-up study on the neurocognitive function and quality of life in these patients reported no severe detriment in either outcome [85] .
Paclitaxel
A phase I/II study conducted in Israel demonstrated the antitumor potential of paclitaxel delivery using CED [86] . Paclitaxel (Taxol), has been demonstrated as an effective antitumor agent in a number of cancer types, including ovarian, breast, lung, head, and neck cancer [87] . It has also been demonstrated as effective against glioblastoma cells, both in vitro and in vivo, but unfortunately has demonstrated poor penetration across the BBB [88] [89] [90] [91] . Paclitaxel functions by facilitating an aberrant microtubule assembly process that results in a microtubule complex that does not disassemble [92] . In this study, a response rate of 73% was observed, with 5/15 patients demonstrating complete responses and 6/15 demonstrating partial responses [86] . However, the investigators also reported significant complications, with a dose-dependent chemical meningitis being the most common side effect observed. Also observed was leakage of infusate into the CSF. In order to reduce the number of unwanted outcomes, future attempts should aim to optimize catheter placement using computer simulation software and real-time in vivo monitoring. To minimize complications from the agent itself, future attempts should consider adjust the dosage of paclitaxel or using a Cremophor-free paclitaxel preparation [86] .
Diffuse Intrinsic Pontine Gliomas
Diffuse intrinsic pontine gliomas (DIPGs) comprise 75% to 80% of pediatric brainstem tumors, making them the most common brainstem tumors in children [93] . The location and pattern of these tumors precludes them from cytoreductive surgery, radiation has had poor success, and the relatively intact BBB and blood-tumor barrier make chemotherapy an ineffective option [93, 94] . DIPG are exceptionally lethal, with a median survival of approximately 1 year and a 2-year survival rate of < 20% [95, 96] . A variety of preclinical studies using CED for DIPG established its safety in the brainstem, as well as a 2012 study that demonstrated well-tolerated CED in 2 pediatric patients with DIPG [11, 97, 98] . There is currently 1 clinical trial investigating the use of CED in children with DIPG (ClinicalTrial.gov identifier NCT01502917), and it is currently in the recruiting phase. Like other studies, the major obstacle in studies for DIPG lies in the absence of a reliable method to determine in vivo drug distribution [53] .
Poliovirus
Oncolytic viruses represent another promising area of cancer research that can be applied to CED. The ability of viruses to kill cancer cells has been recognized for nearly a century, but only in the past decade have clinical trials demonstrated a therapeutic benefit in patients [99] [100] [101] 102] . The virus carries out its antitumor effects in 2 ways. It transduces neoplastic cells and selectively replicates, thus causing direct lytic activity. In other cases, it can express a transgene that is toxic for the tumor cells, and in some cases, it can induce systemic antitumor immunity [101] . Currently, researchers at Duke University are conducting a phase I trial using CED of a recombinant, nonpathogenic poliovirus:rhinovirus chimera directly into tumor tissue [65] . Preliminary data have shown interesting results, with 3 patients remaining disease-free for 5 to 12 months post-treatment. However, other patients have had recurrent tumor growth after 2 months, and have had a decline in their condition [103] .
Nontumor Clinical Trials
CED for Parkinson's Disease
Glial cell line-derived neurotrophic factor (GDNF) was first identified in 1993. It is glycosylated, disulfide-bonded homodimer protein that is one of the most powerful naturally occurring human factors that enhances the survival of midbrain dopaminergic neurons [104, 105] . Studies in rat and monkey models from 1993 to 2000 showed that continuous delivery of GDNF at low levels was able to protect dopaminergic neurons from neurotoxin-induced cell death. These studies also showed improvement in motor function and a decrease in Parkinsonian symptoms [105] . However, GDNF penetration into brain tissue was limited, and in 2003, Gill et al. [106] initiated a phase I safety trial, using direct intraparenchymal GDNF delivery into the putamen of 5 patients with Parkinson's disease. While only a phase I trial, it suggested a direct effect of GDNF on dopamine function, with a 39% improvement in off-medication motor function, 61% improvement in daily activity, and a 64% decrease in medication-induced dyskinesias. Amgen initiated a Bdoubleblind^trial later in 2003 with 34 patients. Preliminary data did not show any clinical improvement, and later, in 2004, Amgen halted the study as it detected cerebellar neuronal loss and the presence of Bneutralizing antibodies^in 2 study participants [105] . Adequate delivery failure has been proposed for the failure of the phase II trial. The failure in delivery was perhaps caused by the use of backflow-prone catheters, and a suboptimal delivery protocol [33, 107, 108] . There is currently a phase Ib dose escalation trial (ClinicalTrials.gov identifier NCT01621581) designed to test the safety and effectiveness of CED of adeno-associated virus encoding GDNF in patients with advanced Parkinson's disease.
Also attempted was the use of neurturin, a growth factor delivered via an adeno-associated viral vector carrier. Preclinical trials showed promising results, where the virus was injected into the putamen and was transported to the substantia nigra [33, 109] . A combined phase II/phase III trial failed, and in these trials there was a failure to reach the substantia nigra [33, 110] . A subsequent trial that attempted to deliver the vector to both the putamen and the substantia nigra also failed [33, 111] . Many reasons have been proposed for this study's failure, including the lack of intraoperative MRI techniques and the need to recruit patients at an earlier stage in their disease [112] .
The important lessons that should be learned from these clinical trials follow. 1) Clinical trials with should focus on infusion catheter optimization, as well as improved catheter placement. An experienced surgical team is desirable to ensure optimal catheter placement and patient selection. 2) The protocol should be flexible enough to adjust for parameters like flow rate and duration of infusion on a caseby-case basis. 3) A uniform method to ensure exact and reproducible drug delivery should apply. Verification of drug delivery, and the use of in vivo monitoring of drug distribution whether it be via co-infusion of tracers that can be imaged, or by other means, are both necessary to improve the delivery and efficacy of therapeutic agents [11, 80] . In many studies, the failure of the delivery technique is mistaken for a failure of the therapy. If we are to truly assess the effectiveness of a therapeutic agent, patients who underwent effective delivery could be postselected in the statistical analysis, thus isolating the efficacy of the therapy from the delivery technique [33] . 4) Future trials should use more rigorous inclusion criteria based on tumor molecular biology, particularly when drugs are specific to tumor targets [11, 75] .
Future Improvements in the Technique
New-Generation Catheters
Reflux-Preventing Catheters
Backflow, or reflux, is an unintended and detrimental phenomenon that can occur during CED. Not only does reflux decrease the volume and predictability of drug distribution, but it can lead to leakage into unintended areas of the brain and possibly lead to excess toxicity. Experimental results have demonstrated that CED using catheters with larger diameters is more likely to lead to reflux [113] [114] [115] . This observation lead to the step-down catheter design [50] . The catheter developed by Fiandaca et al. [38] allows for flow rates up to 5.0 μl/min without ensuing reflux. In this catheter design, the cannula extends beyond the end of the needle by 5 to 10 mm. Unfortunately, in 20% of catheter placements, reflux can still be seen, but often at higher infusion rates [113] .
Multiple-Hole/Hollow-Fiber Catheters
Originally, catheters used for CED were multiport catheters that were designed for ventricular shunts in situations of hydrocephalus. Multiple port catheters provide an appealing delivery mechanism, as the multiple ports may provide better pressure output, thus improving the volume of distribution achieved [11] . However, an obstacle in the successful usage of multiport catheters CED is obtaining predictable flows from all of the ports. Very often, the infusate flows only through the most proximal port, making flow unpredictable and the remaining ports effectively useless. Possible solutions to this problem include increasing resistance inside the catheter with a porous material, creating catheters with several separate lumens within a single catheter body with each lumen feeding its own port, devising a catheter with controllable portholes, actively controlling the substance once it has been pumped, and, most simply, using a catheter with a single end port [16] . Most recently, a hollow-fiber catheter with multiple ports has been developed by TwinStar Medical (Saint Paul, MN, USA) to address these issues [50] . The hollow fiber contains millions of openings along its wall (Fig. 4) . These openings are extremely small, on the order of 0.45 μm [113] .
These catheters have shown promising results, increasing the amount of infusate transferred by up to 3-fold, improving the uniformity of distribution, and reducing backflow [50, 116] . In addition, the hollow-fiber catheter should avoid clogging. A combination of the step design and porous wall designs has been proposed to reduce backflow [11] .
Ultrafine Catheters
Renishaw (Wotton-under-Edge, UK) has developed ultrafine, tissue-compatible, antireflux catheters, which produce minimal tissue damage. The use of these catheters, which would require the assistance of a guidance sheath, overcomes the issues traditionally associated with small catheters, such as floppiness, and allows for accurate placement, as well as backflow resistance. In addition, as many catheters may potentially be used, this technique could be used as a method of conforming the drug delivery to the shape that best suits the relevant anatomy [50] .
Balloon-Tipped Catheter
This approach involves the use of a balloon proximal to the catheter tip. This balloon can fill the resection cavity, thus forcing infusate into the cavity and away from the catheter tip and therefore limiting reflux. Studies using this technique on canine models have demonstrated extensive delivery of infusate, and further studies need to be performed to examine the efficacy of this promising technique [113, 117, 118] .
Prolonged Delivery Via Subcutaneous Implantation
The use of externalized catheters is associated with an increased risk of infection as therapy length increases, thus shortening the therapy length [51] . However, studies have shown a therapeutic benefit from the prolonged delivery of agent [10] . For this reason, a method that achieves both prolonged delivery, as well as safety, has been employed. Sonabend et al. [119] examined prolonged delivery of topotecan using a subcutaneous pump in a pig model, and were able to show a number of promising results. This study demonstrated that prolonged delivery was well tolerated, and topotecan maintained bioactivity up to 10 days after infusion at body temperature. The study also demonstrated that prolonged CED leads to a sustained volume of distribution (Fig. 5) [119] . This approach shows great potential, as it allows for constant regional infusion of agents in an outpatient setting [119] .
Modeling
CED studies, while displaying extensive and relatively homogenous distributions of target agents, have also displayed variability in the spatial distribution from patient to patient [60] . There is also a degree of unpredictability to the geometry of the distribution. These factors present an obstacle in ensuring sufficient drug delivery to the areas of interest [60] . There is currently a Food and Drug Administration-approved software, developed by BrainLAB, which uses the input of MRIobtained data to calculate the desired drug distribution volume and a 3-dimensional visualization of the plan of treatment, including the number and position of catheters (Fig. 6) [60, 113] . This approach accounts for anatomical and physiological variability, which have been shown to play a major role in drug distribution [50] . A study by Sampson et al. [60] that retrospectively examined data from the PRECISE trial demonstrated that the use of this simulation algorithm was considered clinically useful for 84.6% of the catheters simulated after placement, and illustrates the promise associated with software modeling before CED [50] . As imaging technology improves, the input to the software will be more accurate, thus producing more accurate and clinically useful simulations.
Imaging
While CED, in theory, is a promising delivery technique, in actuality its efficacy is entirely dependent on mechanical constraints related to particular anatomic considerations for a given patient. Many clinical trials have failed, presumably owing to poor convection. Yet, a major challenge for the optimization of CED, and the investigation of whether or not efficacy of the treatments was limited by poor delivery, is the lack of ability to monitor and confirm adequate in vivo drug distribution [34] . This has led the possibility of discarding potentially beneficial agents as useless [11, 60, 120] . There is a need to monitor the tissue concentration of a given particle in vivo. Monitoring can generally be performed in 2 ways: directly or indirectly. The direct method entails either labeling the molecule itself with a detectable radioisotope, or by using a Fig. 4 The different designs of catheters used in convection-enhanced delivery. From left to right they are end port cannula, multiport cannula, porous-tipped catheter, balloon-tipped catheter, and stepped-profile catheter. Figure reprinted from Lewis et al. [113] surrogate tracer that approximates the distribution patterns of the therapy. The former technique is expensive and not frequently performed [33] .
Currently, many monitoring techniques rely on the alterations of radiographic appearance as a result of fluid administration or drug-induced effects on tissue [36] . However, this is subject to limitations and going forward, more accurate methods will be required. Examples of existing imaging techniques include albumin-conjugated surrogate tracers, T2-weighted MRI changes, gadolinium-based liposome constructs, gadolinium-bound albumin, and gadolinium direct infusion [36] . An elaboration on a few of these follows.
Albumin and Gadolinium-Diethylenetriaminepentaacetic Acid CED-infused albumin tracers can be linked to gadolinium-diethylenetriaminepentaacetic acid (Gd-DPTA), which can then be visualized with traditional imaging techniques [120] . Albumin is used because of its hydrophilicity and its similarity in size and shape to the protein toxin used in the treatment of recurrent GBM [33] . Gd-DTPA is often used a surrogate tracer, as it is widely available owing to its use as an MRI contrast agent. Attempts to incorporate Gd-DTPA into impregnated liposomes have been made, but owing to manufacturing difficulties this may not be the most feasible approach [120, 121] . Gd-DTPA has been used in a variety of Fig. 5 Illustration of the advantage conferred by prolonged infusions of topotecan-gadolinium using a subcutaneous pump. The graph compares the changes in relative volume in 10-day infusions to 3-day infusions. In both scenarios, a peak is observed approximately 2 to 3 days after infusion, after which the 3-day infusion begins to trend downwards and the 10-day infusion hovered around its peak value. Figure reprinted with permission from Oxford University Press [119] proprietary formulations such as Magnevist, Omniscan, or Prohance [120] . With these formulations, the distribution is often indicated by a certain threshold intensity on T1-weighted MRI. However, this has its limitations and is generally not preferred over quantitative methods of determining concentration and distribution [34] . These quantitative methods have been developed, now allowing for the determination of tracer concentrations [122] [123] [124] [125] .
MRI T2 Imaging Changes Using MRI signal changes as an estimate of CED infusate distribution has been suggested in a number of preclinical models [86, 120, 123, 126] . In addition, this has been supported by more recent clinical evidence, as Sampson et al. [127] have shown that intraparenchymal drug coverage can be predicted using T2-weighted MRI changes in combination with single-photon emission computed tomography imaging. This also applies in situations of pre-existing T2 MRI hyperintensity [120] .
Conclusion
CED is a promising technique that can potentially overcome limitations of systemic delivery. Successful clinical translation of this technique could be applicable to a variety of CNS disorders that until now have proved elusive, and could potentially close the gap between therapeutic advancements and the prognoses for various neurological illnesses. However, developments in in vivo monitoring, simulations, catheter technology, prolonged delivery, and other facets of CED need to take place before CED can reach its full therapeutic potential. Given the number of clinical trials investigating CED currently active, it is likely that major developments surrounding this technique will occur in the relatively near future. 
